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ABSTRACT We used an atomic force microscope (AFM) to image samples immersed in a fluid in order to study the dynamic behavior of
the membranes of living cells. AFM images of cultured cells immersed in a buffer were obtained without any preliminary preparation. We
observed surface changes and displacements which suggest that the cells were still alive during the measurements. Some membrane
details imaged with the AFM have also been observed using a scanning electron microscope and their dynamic behavior has been
confirmed by microcinematography. We believe that the AFM will offer new insights into the exploration of dynamic changes affecting
cell membranes.
INTRODUCTION
Before the development of the scanning probe micro-
scopes, the only tool for the investigation of the surface
of living cells was the optical microscope. However, the
resolution achieved is unfortunately limited to roughly
half the wavelength of light and, without the use of the
confocal laser microscope, there is no possibility ofmak-
ing precise measurements along the z-axis. The atomic
force microscope allows us to overcome these two major
problems and to image living cells in their culture me-
dium.
This instrument (AFM), which was invented by Bin-
nig, Quate, and Gerber ( 1, 2, 3), is a scanning probe
microscope designed for investigating surfaces. Different
materials have been successfully imaged by it with
atomic resolution (4, 5). Among biological materials,
the AFM has been used to image amino acid crystals (6),
proteins (7, 8, 9), DNA ( 10), organic monolayers ( 11 ),
and viruses ( 12). Living plant cells have already been
observed in air ( 13, 14).
The AFM can also be used to image surfaces in an
aqueous environment. The use of water as a scanning
agent has the advantage of minimizing the adhesion
forces between the tip and the surface ( 15 ). In addition it
allows the imaging ofbiological systems under more nat-
ural conditions. For example, red and white blood cells
have been imaged in buffer solutions ( 15) after fixation.
Some biological processes like the polymerization of fi-
brinogen (7) or the budding of viruses through a cell
membrane (16) have also been observed in fluid me-
dium using the AFM.
In this report we demonstrate the possibility of imag-
ing single cells at a medium magnification with minimal
preparation. The cells were grown on glass and imaged
during one hour while immersed in a physiological
buffer. Wave-like structures were observed moving on
the surface of the cells and parts of the cells were seen to
be moving while the cell was raster-scanned by the AFM.
These observations suggest that the cells were still alive
during the scan. To confirm that cells are mobile, we
made a microcinematographic film of the cell culture.
The presence ofwaves on the surface ofthe cells was also
confirmed by electron scanning microscopic examina-
tion of the same sample. Our observations lead us to
believe that the AFM may become a very useful tool for
studying the surface of living cells.
MATERIAL AND METHODS
Sample
The cells we used were from a line that has been cultivated in our
laboratory for 4 yr. They were obtained from a pleural effusion in a
62-yr-old patient with metastatic lung carcinoma. Their flat shape and
their tendency to grow in monolayers make them good candidates for
AFM studies. They were washed, and cultured in a medium composed
of 90% ofEMED (enriched Dulbecco's modified Eagle medium) and
FMED (modified Eagle's F- 12 nutrient mixture) 1:1, 10% of foetal calf
serum with 104 U of penicillin/liter and 104 Ag of streptomycin/liter
and then maintained at 37°C in 95% air and 5% Co2. The cells were
again cultivated on round glass slides for 3 d in the culture chamber
illustrated in Fig. 1, using the same medium.
AFM Imaging
The glass holding the cells was glued onto a steel disc with Cyanolyth®,
and deposited on the "G" or "J" xyz translator (maximum xy scanning
size 90 and 130 ,um) of a Nanoscope Il® AFM (Digital Instruments,
Santa Barbara, CA). A few drops of PBS pH 7.2 or culture medium
were deposited on the sample and the "fluid cell" (Digital Instruments)
dropped onto it. We did not use the 0 ring delivered with the fluid cell
as the PBS capillary forces were strong enough to maintain the fluid in
the space between the sample and the plexiglas above it.
We used a 200 ,um long, thin, microfabricated Si3N4 triangular canti-
lever with a spring constant of '-0.05 N/im supplied by Digital Instru-
ments. The force applied to the sample was, as a rule, less than 3 nN.
Cells
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Sample holding glass Metallic holder
FIGURE I The culture chamber.
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FIGURE 2 Scanning electron microscope image of two cells coming from the 131 cell line.
The images (20 s/image) were taken and stored in a personal computer
to be processed later.
Scanning electron microscopy
The sample was removed from the AFM and prepared for critical point
drying by passage through increasing acetone-H20 concentrations:
50% 5 min, 75% 10 min, 90% 2x 15 min, and 100% 4x 15 min. Drying
was performed with a CP 20 critical point apparatus (Balzers®). The
sample was metallized in a sputter coater S 150 (Edwards") for 4 min
and was finally observed using a Jeol JSM 35 scanning electron micro-
scope at 25 kV.
Microcinematography
The microcinematography was done using a 16 mm microkinocamera
mounted at the top ofa phase contrast microscope (Zeiss). Cells from
the same cell line were cultivated and imaged in the chamber depicted
on Fig. 1. Images were taken every 15 and 30 s for a period of 24 h.
During this period the cells were maintained at 370C in cell culture
medium.
RESULTS AND DISCUSSION
The cell line we chose, labelled No. 131 in our catalogue,
has the advantage offorming monolayers in culture and,
except for cells in mitosis, tending to adopt a relatively
flat shape. This particularity makes it interesting for
AFM imaging.
We did not see significant differences between cells
immersed in PBS (Fig. 13) and those immersed in the
culture medium (Figs. 3-7).
Some cells (3 of the 20 that we observed) disappeared
after they had been imaged once, probably displaced by
the tip because they didn't stick to the glass strongly
enough.
Images taken in the constant height mode were far
better than those taken in the constant force mode. We
have no satisfactory explanation for this phenomenon at
the moment.
We usually had difficulty in scanning a whole cell. If
we focused on a cell extension at high magnification and
then increased the scan size, the image became worse
and we lost resolution. It is possible that some parts, in
particular the central area, were too elevated for success-
ful scanning with the Nanoscope II, or that the rugosity
of the cell surface was too important. The Fig. 2 shows
two typical cells of the 131 cell line, seen with the scan-
ning electron microscope (SEM). The numerous small
cell extensions present on the upper right-hand part of
the cell are invisible on the AFM images, probably be-
cause these small protrusions were flattened during the
scan. However we did not always observe exactly the
same cell with the AFM, we cannot affirm this definitely.
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FIGURE 3 A cell imaged with the AFM.
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FIGURES 4 to 7 (viewed from top left to bottom left, in a clockwise direction) An area of 5 x 5 ,m was selected over the surface ofa cell and AFM images were
taken each 5 min. The arrows show the slow propagation of a wave-like structure from upper-right to lower-left.
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FIGURE 8 This scanning electron microscope image of the same cell
line as Figs. 4-7 also shows the presence ofwave structures on the cell
surface.
Examination of the flattest parts ofthe cells was more
successful. Scanning with the AFM over the same area
revealed changes over a few minutes. Wave-like struc-
tures were seen crossing the cell surface. The Figs. 4 to 7
show the propagation of such waves (arrow). These
structures were also present during the scanning electron
microscope examination. The arrow on Fig. 8 shows one
ofthem. The microcinematographic film shows the pres-
ence of such waves and demonstrates their dynamic be-
havior. Figs. 9 to 12 represent the slow displacement of a
clearly defined structure which could correspond to the
features previously observed with the AFM. However,
we can't exclude the possibility that the AFM tip, by
deforming the surface, became sensitive to structures
moving under the membrane.
Fig. 13 shows an entire cell and the displacement of a
peaked structure on its surface.
The exact identification of all the dynamical struc-
tures observed with the AFM on this cell line is difficult
for the moment. We hope that in the close future we will
be able to give precise responses concerning the identifi-
cation of these structures.
From our experience, we think that the observation of
unfixed cells is possible with the actual generation of
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FIGURES 9 to 12 (viewed from top left to bottom left, in a clockwise direction) Microcinematographic images taken each 15 s show the presence of numerous
lamellipods at the upper-right side of the cell. The arrow points to a white, slow moving wave.
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FIGURE 13 AFM image of a cell. Note the displacements of a peaked structure during 9 min (arrows).
AFM. The technique presented allows observation ofdy-
namic changes of the cell surface with a minimum of
preparation and a minimum oftraumatism for the cells.
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